The dihydroceramide desaturase (DES) enzyme is responsible for inserting the 4,5-trans-double bond to the sphingolipid backbone of dihydroceramide. We previously demonstrated that fenretinide (4-HPR) inhibited DES activity in SMS-KCNR neuroblastoma cells. In this study, we investigated whether 4-HPR acted directly on the enzyme in vitro. N-C8:0-D-erythrodihydroceramide (C 8 -dhCer) was used as a substrate to study the conversion of dihydroceramide into ceramide in vitro using rat liver microsomes, and the formation of tritiated water after the addition of the tritiated substrate was detected and used to measure DES activity. NADH served as a cofactor Sphingolipids are known to be modulators of various cell functions. They are not only components of cell membranes but also play a role in cell survival, apoptosis, senescence, and differentiation (1, 2). Ceramide, a central molecule in the metabolism of sphingolipids and glycosphingolipids, is involved in these regulatory cellular events. Intracellulary, ceramide is generated by different pathways. De novo synthesis of ceramide starts with condensation of L-serine with palmitoylCoA. Further reduction and subsequent N-acylation generates dihydroceramide. Ceramide is finally generated by introduction of the 4,5-double bond into dihydroceramide by dihydroceramide desaturase (DES) 2 (3). The DES enzyme was characterized previously, and an in vitro assay was developed to determine its activity (4). In subsequent studies, a family of sphingolipid ⌬4-desaturases (homologs of the Drosophila melanogaster degenerative spermatocyte gene 1 (des-1)) were identified via a bioinformatics approach (5). These proteins contain three His-containing consensus motifs that are characteristic of a group of membrane fatty acid desaturases. The human homolog of des-1 is now referred to as DEGS-1, although it was first cloned in 1997 and named as membrane lipid desaturase because its physiologic substrate was not determined at the time (6). DEGS-1 is the only dihydroceramide desaturase reported to be present in human cells, and its mouse homolog (mDES1) was shown to have desaturase activity (7). hDES2, the human homolog of the mouse DES2 (mDes2) gene, like mDES2 has dihydroceramide hydroxylase activity (8). Although mDES2 has been reported to have both desaturase and hydroxylase activity, no desaturase activity was detected in HEK 293 human embryonic kidney cells overexpressing hDES2 (8). In this work, we refer to enzyme as DES in experiments with rat liver microsomes and as DEGS-1 in experiments with human SMS-KCNR cells.
Sphingolipids are known to be modulators of various cell functions. They are not only components of cell membranes but also play a role in cell survival, apoptosis, senescence, and differentiation (1, 2) . Ceramide, a central molecule in the metabolism of sphingolipids and glycosphingolipids, is involved in these regulatory cellular events. Intracellulary, ceramide is generated by different pathways. De novo synthesis of ceramide starts with condensation of L-serine with palmitoylCoA. Further reduction and subsequent N-acylation generates dihydroceramide. Ceramide is finally generated by introduction of the 4,5-double bond into dihydroceramide by dihydroceramide desaturase (DES) 2 (3). The DES enzyme was characterized previously, and an in vitro assay was developed to determine its activity (4) . In subsequent studies, a family of sphingolipid ⌬4-desaturases (homologs of the Drosophila melanogaster degenerative spermatocyte gene 1 (des-1)) were identified via a bioinformatics approach (5) . These proteins contain three His-containing consensus motifs that are characteristic of a group of membrane fatty acid desaturases. The human homolog of des-1 is now referred to as DEGS-1, although it was first cloned in 1997 and named as membrane lipid desaturase because its physiologic substrate was not determined at the time (6) . DEGS-1 is the only dihydroceramide desaturase reported to be present in human cells, and its mouse homolog (mDES1) was shown to have desaturase activity (7) . hDES2, the human homolog of the mouse DES2 (mDes2) gene, like mDES2 has dihydroceramide hydroxylase activity (8) . Although mDES2 has been reported to have both desaturase and hydroxylase activity, no desaturase activity was detected in HEK 293 human embryonic kidney cells overexpressing hDES2 (8) . In this work, we refer to enzyme as DES in experiments with rat liver microsomes and as DEGS-1 in experiments with human SMS-KCNR cells.
We previously developed an assay to evaluate the in situ activity of DEGS-1 using cell-permeable dihydroceramidoids (dhCCPS analogs) (9) . We showed in these studies that the synthetic retinoid N- (4-hydroxyphenyl) retinamide (4-HPR or fenretinide) is an inhibitor of DEGS-1. 4-HPR is currently in clinical trials for neuroblastoma, leukemia, lymphoma, lung, breast, head and neck, prostate, and ovarian cancer. Functionally, inhibition of DEGS-1 by 4-HPR led to the accumulation of endogenous dihydroceramides and cell cycle arrest.
In the present study, a truncated dihydroceramide analog, N-C8:0-D-erythro-dihydroceramide (C 8 -dhCer), was used to further characterize this enzyme, by establishing the conditions for the in vitro assay, as well as determination of kinetic parameters. Importantly, we investigated whether the enzyme served as a direct target for 4-HPR and its metabolites: 4-oxo-N-(4-hydroxyphenyl)retinamide (4-oxo-4-HPR), N-(4-methoxyphenyl)retinamide (4-MPR), and 4-oxo-N-(4-methoxyphenyl)retinamide (4-oxo-4-MPR). The results show that 4-HPR indeed inhibits the enzyme in vitro in clinically relevant concentrations. The implications of these results for therapeutic applications of 4-HPR and for DES as a candidate therapeutic target are discussed.
EXPERIMENTAL PROCEDURES
Materials-C 8 -dhCer was purchased from American Radiolabeled Chemicals (St. Louis, MO). N-Octanoyl-D-erythro-dihydrosphingosine and C 8 -cyclopropenylceramide (C 8 -CPPC) were purchased from Matreya, LLC (Pleasant Gap, PA). Bond Elut C18 columns were purchased from Varian (Palo Alto, CA). EcoLume TM Liquid Scintillation Fluid was purchased from MP Biomedicals (Cleveland, OH). Fenretinide (N-(4-hydroxyphenyl)retinamide), bicine, and trichloroacetic acid were obtained from Sigma. CHAPS was purchased from Thermo Fisher Scientific. The ceramidoids (CCPS) D-erythro-2-N-[12Ј-(1Љ-pyridinium)dodecanoyl]sphingosine bromide (C 12 -CCPS) and D-erythro-2-N-[12Ј-(1Љ-pyridinium)dodecanoyl]-4,5-dihydrosphingosine bromide (C 12 -dhCCPS; D-erythro-C 12 -dihydroceramide) were synthesized by the Lipidomics Core Facility at the Medical University of South Carolina (10) .
The 4-HPR metabolites 4-oxo-4-HPR and 4-MPR were prepared as described previously (11, 12) . The yellow solid 4-oxo-4-MPR was synthesized analogously to 4-oxo-4-HPR by reaction of 4-methoxyaniline with 4-oxoretinoic acid activated as its acid chloride: UV (methanol) max 376 nm (⑀ 60,000); 1 and a 250 ϫ 4.6 mm Ultrasphere ODS column with 85% methanol/water at 1 ml/min showed a retention time of 7 min with a minor amount (6%) of the 13-cis isomer at 5.8 min and no other impurities. The UV spectrum was recorded on a Beckman Instruments DU-40 spectrophotometer, and the 1 H NMR spectrum was recorded at 400 MHz on a Bruker Instruments DRX400 instrument (Billerica, MA). The MS was recorded at the Campus Chemical Instrument Center of The Ohio State University on a Micromass Q-Tof II spectrometer (Milford, MA).
Cell Lines and Culture Conditions-The SMS-KCNR cell line was obtained from Dr. C. Pat Reynolds (Texas Tech University). Cells were maintained in growth medium (RPMI 1640) containing 10% FCS (Invitrogen) at 37°C in 5% CO 2 . C 8 -CPPC was dissolved in methanol at a stock concentration of 10 mM, and 4-HPR, 4-oxo-4-HPR, 4-MPR, and 4-oxo-4-MPR were dissolved in 95% ethanol at a stock concentration of 100 mM. Stock solutions were diluted to the required concentrations (0.01-2.5 M for C 8 -CPPC, and 0.5-10 M for 4-HPR and its metabolites) just prior to use, then directly added to the cells in growth medium. The final volume of methanol, ethanol, or DMSO in the medium was Ͻ0.02%, which had no effect on cell growth or survival.
Preparation of Rat Liver Microsomes-To prevent enzyme inactivation, all of the following procedures were carried out at 4°C. Microsomes were prepared as described (13) . Briefly, livers from male Sprague-Dawley rats were rinsed twice in icecold normal saline and homogenized in buffer (0.25 M sucrose, 10 mM HEPES, 1 mM EDTA, pH 7.4) with a Polytron PT 1200 E (Kinematica, Inc., Bohemia, NY) homogenizer. The homogenate was centrifuged at 10,000 ϫ g for 15 min followed by ultracentrifugation of the resulting supernatant at 104,000 ϫ g for 60 min. The microsomal pellet was resuspended in potassium phosphate buffer (50 mM, pH 7.4). Aliquots were stored at Ϫ80°C until use. Protein concentration was determined by the Bradford method (Bio-Rad) according to the manufacturer's directions.
Solubilization of Lipid Substrates and Inhibitors-A solution containing labeled and unlabeled substrates as well as inhibitors was dried under a stream of nitrogen in a 1.5-ml Eppendorf tube. 1.1 mg of CHAPS dissolved in 10 l of water was added to each tube, mixed thoroughly, and sonicated for 3 min in a bath sonicator. This step was repeated three times, and the tubes were vortexed for 30 s each time.
In Vitro Dihydroceramide Desaturase Assay-The assay was performed as described previously (14) with some modifications. Heat-inactivated microsomes were used as negative controls. All reactions were performed with 100 g of protein and 20 min incubation time at 37°C unless otherwise mentioned. (Data from optimization studies showed that 100 g of protein and 20 min of incubation time were both within the linear range of the assay; data not shown; see supplemental data). Labeled substrate (see Fig. 1A , 2 nM equal to 0.125 Ci, and ϳ100,000 dpm) and 500 nM unlabeled substrate were used in all reactions unless otherwise specified. Briefly, the reaction mixture contained 2 mM of NADH (dissolved in double distilled H 2 O), 20 mM bicine, pH 8.5, 50 mM NaCl, and 50 mM sucrose. The substrates as well as the inhibitors dissolved in CHAPS were pipetted into glass tubes. The mixture was incubated for 20 min at 37°C with shaking. The reaction was terminated by the addition of 100 l of 8% BSA (w/v), immediately followed by 100 l of 72% trichloroacetic acid (w/v). To remove denatured protein, the reaction mixture was centrifuged at 1100 ϫ g for 20 min at 4°C. The supernatant was transferred to a 13 ϫ 100 mm glass tube containing 350 l of 1 M Na 2 HPO 4 to bring the pH to 5.5. The Varian Bond Elute C18 columns were washed with 1 ml of methanol followed by a wash of 1 ml of water right before use, and then the supernatant was passed over the columns. The flow-through fraction and a wash fraction of 2 ml of water were collected. A 900 l fraction of each eluate was transferred to counting tubes, and tubes were filled with Eco-Lume TM solvent, and the radioactivity was determined using a liquid scintillation counter. Released radioactivity was determined, and the formation of product was calculated based on the specific activity of the substrate. In calculating the results, the amount of radioactivity was halved to take into account only the amount of radioactivity that was relevant to the enzyme activity. This is important because the action of the enzyme abstracts only one of the two hydrogen atoms, and only one is "randomly" labeled with 3 H. Note that for assays using SMS-KCNR total cell homogenates instead of rat liver microsomes, cells were grown in T-150 (Corning) flasks at a density of 3 ϫ 10 6 cells per flask. The confluency on the day of treatment was ϳ35-40%. Cells were treated with 5 M of 4-HPR for 2 h. Cells were then washed with PBS, and the medium was replaced by fresh medium. Control flasks contained 0.1% ethanol, which did not affect DES activity (data not shown). Cells were incubated with fresh medium for 24, 48, or 72 h. After each time point, flasks were washed twice with ice-cold PBS after removing the medium. Cells were scraped and centrifuged at 1000 ϫ g for 5 min at 4°C. Total cell homogenates were prepared from the cell pellets as described previously (15) . Briefly, pellets were resuspended in homogenization buffer (5 mM HEPES, pH 7.4, containing 50 mM sucrose) and kept on ice for 10 min. Cell suspensions were homogenized employing a 1-ml insulin syringe using 10 strokes. Homogenates were centrifuged at 250 ϫ g for 5 min at 4°C to remove unbroken cells. The assays were performed as described above, substituting 400 g of total cell homogenate for rat liver microsomes at 37°C for 20 min. (Data from previous optimization studies using total cell homogenates demonstrated that 400 g of protein and 20 min of incubation time were both within the linear range of the assay (16).)
Statistical Analysis and Determination of Kinetic ConstantsData were analyzed using SigmaPlot Enzyme Kinetics Module (Systat Software, Inc. San Jose, CA) software to determine the IC 50 , K i , K m constants, and V max value.
In Situ Dihydroceramide Desaturase Assay-C 12 -dhCCPS was used as a cellular substrate for this enzyme. C 12 -dhCCPS was dissolved in 100% ethanol at concentrations of 100 mM, and this stock solution was diluted immediately prior to use and directly added to the cells in medium containing 10% fetal calf serum to obtain a final concentration of 0.5 M. Cells were incubated with C 12 -dhCCPS for 6 h. The cells were collected at this time points, and levels of C 12 -dhCCPS and its product C 12 -CCPS were detected by LC/MS (9, 10). The percentage of the conversion C 12 -CCPS was then calculated.
LC-MS Analysis of Endogenous Ceramides and Cellular Level of CCPS and dhCCPS Analogs-Advanced analyses
were performed by the Lipidomics Core Facility at the Medical University of South Carolina on a ThermoFinningan TSQ 7000, triple-stage quadrupole mass spectrometer operating in a multiple reaction monitoring positive ionization mode as described (17) .
RESULTS

Determination of Dihydroceramide Desaturase Activity in
Vitro by Measurement of Formed Water-This method was first described by Geeraert et al. (14) . In this procedure, the enzyme activity is determined by formation of tritiated water that accompanies the 4,5-double bond formation if the substrate is labeled appropriately (Fig. 1A) . C 8 -dhCer was employed as the substrate, and NADH served as a cofactor. After 20 min of incubation, the reaction mixture, and a wash fraction of 2 ml with water were loaded onto C18 columns, and the eluate was collected. A fraction was taken, and the radioactivity was determined.
Determination of Kinetic Parameters for C 8 -dhCer and NADH-For enzyme kinetic determinations, a fixed amount of labeled C 8 -dhCer of 100,000 dpm (0.125 Ci ϭ 2 nM), and increasing amounts of unlabeled C 8 -dhCer starting from 0.05 M to 10 M were used. The K m and V max for C 8 -dhCer (Fig. 1B) as well as for NADH (Fig. 1C) were determined, and the K m for C 8 -dhCer was 1.92 Ϯ 0.36 M, and V max was 3.16 Ϯ 0.24 nmol/ min/g protein. To determine the kinetic parameters for NADH, the concentration of substrate used was three times the K m of C 8 -dhCer. The NADH concentration was varied from 5 M up to 300 M. The K m for NADH was 43.4 Ϯ 6.47 M, and the V max was 4.11 Ϯ 0.18 nmol/min/g protein, respectively. (9, 18, 19) . We have previously demonstrated the inhibitory effects of 4-HPR on DEGS-1 in situ in intact cells using the SMS-KCNR neuroblastoma cell line. Inhibition of DEGS-1 resulted in increased levels of endogenous dihydroceramides leading to cell growth inhibition. In this study, a dose response experiment was first conducted using the in vitro enzyme assay at 20 min and varying the concentrations of 4-HPR with a fixed amount of substrate (0.25 K m , equal to 0.5 M) ( Fig. 2A) . Next, to demonstrate that with increasing substrate concentrations the percentage of inhibition would decrease, assays were conducted with a fixed amount of 4-HPR (10 M) and increasing amounts of substrate (between 0.25 K m to 3 K m ) (Fig. 2B ). To determine the K i (the dissociation constant for binding of inhibitor to enzyme) for 4-HPR and whether it inhibited in a competitive manner, experiments were performed with a fixed amount of substrate and increasing amounts of inhibitor. The K m substrate concentrations utilized were 0.25, 0.5, 1, 2, and 3. The amount of 4-HPR ranged from 0, 1, 2.5, 5, 10, 25, and 50 M. The results showed that at 20 min 4-HPR interacted with the dihydroceramide substrate in a competitive manner (Fig. 2C) . The K i value was determined using SigmaPlot and its enzyme kinetics module. The K i for 4-HPR was 8.28 Ϯ 1.25 M. Fig. 4 .
Determination of K i for 4-HPR-4-HPR is a synthetic analog of retinoic acid that inhibits DES
Effects of 4-HPR and Its Metabolites on DES Activity-Two
First, we tested the ability of 4-HPR to inhibit desaturase activity using our in situ assay with C 12 -dhCCPS (Fig. 3A) . SMS-KCNR human neuroblastoma cells were treated with increasing concentrations (0.25, 0.5, 1, 2.5, and 5 M) of 4-HPR, 4-MPR, 4-oxo-4-HPR, or 4-oxo-4-MPR for 6 h. The substrate C 12 -dhCCPS (0.5 M) was added at the same time as 4-HPR and its metabolites, and the conversion to C 12 -CCPS was measured by LC/MS. 4-HPR and 4-oxo-4-HPR inhibited desaturase activity in a dose-dependent manner (Fig. 3B) . Inhibition was observed even at the lowest dose. In untreated (control) cells, ϳ74% of measured CCPS were converted to C 12 -CCPS at 6 h. The conversion was decreased in cells treated with 0.25, 0.5, 1, 2.5, and 5 M 4-HPR and 4-oxo-4-HPR starting at 0.25 M, decreasing conversion levels to ϳ52 and ϳ35%, respectively (Fig. 3B) . The percentage of the conversion to C 12 -CCPS in cells treated with 0.5, 1, 2.5, and 5 M 4-HPR was ϳ43, ϳ25, ϳ6, and ϳ5% respectively. The percentage of the conversion to C 12 -CCPS in cells treated with 0.5, 1, 2.5, and 5 M 4-oxo-4-HPR was ϳ22, ϳ13, ϳ6, and ϳ3%, respectively. Measurement of total endogenous ceramides (Cer), dihydroceramides (dhCer), and sphingosine levels was also performed (Fig. 3, C-F) by LC/MS. Approximately 1.8-, 2.7-, 5.5-, 11.7-, and 18-fold increases in total endogenous dihydroceramides were observed in cells treated with 0.25, 0.5, 1, and 2.5 M 4-HPR, respectively, correlating with the inhibition of DEGS-1 (Fig. 5B) . Approximately 2.7-, 4.8-, 8-, 17.3-, and 24.3-fold increases in total endogenous dihydroceramides were observed in cells treated with 0.25, 0.5, 1, and 2.5 M 4-oxo-HPR, respectively (Fig. 3D) . 4-oxo-4-HPR was a slightly more potent inhibitor of DEGS-1 than 4-HPR. There were no significant changes seen in endogenous sphingosine, dihydrosphingosine, or sphinogosine-1-phosphate levels (data not shown). The other metabolites (4-MPR and 4-oxo-MPR) had minimal effects on DEGS-1 activity or endogenous ceramide levels (Fig. 3, B, E, and F) .
Determination of IC 50 for 4HPR, Its Metabolites, and C 8 CPPCWe then tested the effects of 4HPR and its metabolites using the in vitro assay with rat liver microsomes at 20 min. For determination of IC 50 (the concentration of inhibitor at which there was 50% inhibition of enzyme activity at 20 min), the substrate concentration utilized was 0.25 K m (0.5 M). The inhibitor concentration ranged between 1 and 7.5 M (Fig. 4A) . The IC 50 was determined using SigmaPlot and its enzyme kinetics module by plotting the log of inhibitor concentration against percentage of inhibition. The IC 50 for 4-HPR was 2.32 M. Among 4-HPR metabolites, 4-oxo-4-HPR was the most potent inhibitor with an IC 50 of 1.68 M. The inhibition was slightly more than 4-HPR, an effect consistent with the previous experiment on in situ DEGS-1 inhibition, where 4-oxo-4-HPR showed more inhibition than 4-HPR. 4-MPR and 4-oxo-4-MPR had minimal effects on DES activity. C 8 -cyclopropenylceramide, a known competitive inhibitor of the DES enzyme (21-23) was used as a positive control in these assays. The IC 50 for C 8 CPPC was 685 nM (Fig. 4B) . Fig. 4F summarizes the IC 50 values for inhibitors studied in these experiments.
Effects of 4-Oxo-HPR and Its Metabolites on DES ActivityAs for 4-HPR, a dose response experiment was conducted using the in vitro enzyme assay at 20 min and varying the concentrations of 4-oxo-HPR with a fixed amount of substrate (0.25 K m , equal to 0.5 M) (Fig. 2A) . Assays were also conducted with a fixed amount of 4-oxo-HPR (10 M) and increasing amounts of substrate (between 0.25 to 3 K m ) (Fig. 2B) . We also determined the K i for 4-oxo-4-HPR at 20 min of incubation in the same manner as we did for 4-HPR. In brief, the substrate concentration in each experiment was constant (ranging from 0.25 to 3ϫ K m ), and the inhibitor concentration ranged from 1 to 50 M. As with 4-HPR, the results showed that at 20 min, 4-oxo-HPR interacted with the dihydroceramide substrate in a competitive manner (Fig. 4C) . The K i value was determined using Sigma- Plot and its enzyme kinetics module. The K i for 4-oxo-4-HPR was 6.61 Ϯ 1.25 M.
Determination of Reversibility of Enzyme Inhibition by 4-HPR-
We examined whether 4-HPR could be an irreversible inhibitor because an irreversible inhibitor would appear competitive until a significant amount of the enzyme had been inactivated. To test the veracity of this, the in vitro assay with rat liver microsomes was performed were with 1, 2.5, and 5 M of 4-HPR for either 20, 60, and 120 min along with controls for each time point (Fig. 5A) . The percent inhibition for microsomes treated with 1 M 4-HPR for 20, 60, or 120 min was ϳ35, ϳ52, and ϳ69%, respectively. The percent inhibition for microsomes treated with 2.5 M 4-HPR for 20, 60, or 120 min was ϳ46, ϳ73, and ϳ84%, respectively. The percent inhibition for microsomes Values represent the remaining activity (% to controls), and they represent the mean Ϯ S.D. of two independent experiments performed in quadruplicate. B, the effects of dilution of 4-HPR on DES activity. Rat liver microsomes were preincubated with either 0.5 or 5 M 4-HPR for 60 min at 37°C. After preincubation, the microsomes were centrifuged and washed twice. The in vitro enzyme assay was performed with 100 g of either "control microsome" or "preincubated and washed microsomes" for 60 or 120 min. Control microsomes were not washed or preincubated with 4-HPR. The values represent the remaining activity (% to controls), and they represent the mean Ϯ S.D. of two independent experiments performed in quadruplicate. C, the effect of 4-HPR inhibition on SMS-KCNR cells. Cells were treated with 5 M of 4-HPR for 2 h. After 2 h, cells were washed with PBS, and the medium was replaced by fresh medium. Total cell homogenates were prepared from SMS-KCNR cells after 2 h of 4-HPR treatment, and at 24, 48, and 72 h after 4-HPR treatment. Determination of DES activity was performed at these time points, using the in vitro assay with 400 g of total cell homogenate for 20 min. Values represent the remaining activity (% to controls), and they represent the mean Ϯ S.D. of two independent experiments performed in quadruplicate.
treated with 5 M 4-HPR for 20, 60, or 120 min was ϳ57, ϳ79, and ϳ89%, respectively. In these experiments, inhibition increased with time suggesting time-dependent irreversible inhibition.
To further determine whether 4-HPR was an irreversible inhibitor, rat liver microsomes were preincubated with concentrations of 4-HPR that would inhibit DES by ϳ30% (0.5 M) or ϳ90% (5 M) for 60 min at 37°C. After preincubation, the microsomes were centrifuged and washed twice with 5 ml of 50 mM potassium phosphate buffer, pH 7.4. The assay was performed with 100 g of microsomes that had not been preincubated or washed or with 100 g of preincubated and washed microsomes for 60 or 120 min. This method of washing has been reported to give a dilution of inhibitor of Ͼ800,000:1 (24, 25) . If an enzyme inhibits irreversibly, then little recovery of enzyme activity should be noted. There was very little recovery of enzyme activity in the preincubated and washed (diluted) samples (Fig. 5B) . Enzyme activity was ϳ6 and ϳ9% of control for microsomes preincubated with 0.5 M 4-HPR and assayed for 60 or 120 min and ϳ5 and ϳ7% of control for microsomes preincubated with 5 M 4-HPR and assayed for 60 or 120 min, respectively.
We then examined the reversibility of DEGS-1 inhibition in SMS-KCNR cells (Fig. 5C ). Cells were treated with 5 M of 4-HPR for 2 h. After 2 h, cells were washed with PBS, and the medium was replaced by fresh medium. Total cell homogenates were prepared from SMS-KCNR cells after 2 h of 4-HPR treatment, and at 24, 48, and 72 h after 4-HPR treatment. Determination of DES activity was performed at these time points, using the in vitro assay with total cell homogenates for 20 min. After 2 h of 5 M 4-HPR treatment, there was almost no activity detected. After replacement of medium and time, there was some recovery of enzyme activity; there was ϳ90, ϳ80, and ϳ67% inhibition of DES activity after 24, 48, and 72 h, respectively.
DISCUSSION
In this study, we established the conditions for an in vitro assay for DES using rat liver microsomes and a tritium-labeled dihydroceramide analog, and evidence is provided for potent direct inhibition of DES by 4-HPR and its active metabolites. These results have implications for the mechanism of action of 4-HPR and for a potential role for DES as a target for chemotherapy.
The in vitro assay optimized in this study was accurate and very reproducible. As solubilizing agents, we tested BSA, CHAPS, and ethanol/dodecane, as the substrate was difficult to get into solution without solubilizing agents. The best solubilization was achieved using CHAPS (data not shown). Under these conditions (with NADH as a co-factor), reactions proceeded according to classical Michaelis-Menten kinetics and were linear with time and protein concentration. The K m value for the dihydroceramide substrate was in the low M range (about 2 M) whereas the K m for the NADPH substrate was determined at 43 M.
The development of the assay allowed us to investigate whether 4-HPR functions as a direct inhibitor of DES. 4-HPR is employed as a chemotherapeutic agent especially in neuroblastoma as well as leukemia and various solid tumors, including lung and prostate cancer. In addition to being employed as a cytotoxic drug in clinical trials, it has also been reported to act as a chemopreventive agent in breast cancer and oral leukoplakia (26 -28) .
Our previous results showed that at clinically achievable M concentrations, 4-HPR inhibits DEGS-1 activity in cells (using an in situ assay) in SMS-KCNR human neuroblastoma cells, causing marked increases in the levels of endogenous dihydroceramides, leading to cell cycle arrest by hypophosphorylation of retinoblastoma protein (9) . Initial investigation of the mechanism failed to reveal effects on protein or message levels for DEGS-1. These results suggested the possibility that 4-HPR may act as a direct inhibitor of the enzyme, especially because it is a lipid amide with some resemblance to the dihydroceramide substrate of the enzyme.
4-HPR has a very broad range (0.7-10 M) of cytotoxicity and may have different effects dependent on the concentration and type of cancer cell used (29) . In neuroblastoma, high concentrations of 4-HPR (Ͼ5 M) have been shown to induce apoptosis and necrosis (3), whereas lower concentrations (Ͻ 3 M) of 4-HPR have been reported to induce G 1 -S phase arrest and hypophosphorylation of retinoblastoma (9, 30, 31) . For neuroblastoma patients enrolled on a phase I pediatric trial, the mean plasma steady-state concentration on day 7 was as 9.9 mol/ liter with the maximal tolerated dosage of 2475 mg/m 2 per day (32) . Another more recent pediatric phase I study using a new formulation of 4-HPR to improve bioavailability (4HPR/Lym-X-Sorb oral powder), reported the day 7 mean peak plasma concentrations to be 19.7 M at the recommended dose of 1700 mg/m2 per day (33) . These doses safely achieved levels active against neuroblastoma in vivo with minimal toxicity. Although our in vitro study employed rat liver microsomes, we may infer that the levels of 4-HPR used for the in vitro assays would correspond with levels that are clinically achievable in patients.
Indeed, the results from this study show that 4-HPR functions as a potent and direct inhibitor of DES in rat liver microsomes with a K i of 8 M at 20 min. The in vitro assay initially showed a competitive pattern of inhibition with respect to dihydroceramide. Further studies with longer assay times and preincubation with 4-HPR strongly support that the inhibition is irreversible. As there was little recovery of enzyme activity in samples preincubated with 4-HPR and assayed for 2 h, the inhibition is unlikely to be slow reversible inhibition. Further studies are underway to characterize the inhibition. Our experiments using SMS-KCNR cell homogenates demonstrated some 1recovery of enzyme function over time. Enzyme activity was likely restored by de novo enzyme synthesis in these cells. These results demonstrate for the first time a direct clinically relevant target for the action of 4-HPR. As such, DES may emerge as a novel target for chemotherapeutic development.
DES is an important enzyme that has the potential to modulate the dihydroceramide/ceramide ratio in the cell; however, the regulation of DES activity has not been well characterized. Moreover, although the cell biology of ceramide has been well studied with roles in regulation of cell apoptosis, growth, and differentiation, the functions of dihydroceramides have been largely obscure. Consequently, dihydroceramide has been con-sidered primarily as an inactive precursor of ceramide (34) . However, recent studies have shown dihydroceramides to be involved in important cellular responses such as cell cycle arrest, apoptosis, ceramide channel formation, autophagy, and oxidative stress (9, 16, 18, (35) (36) (37) . These studies indicate the significance of endogenous levels of dihydroceramides in cell regulatory processes, and they suggest that DES has the potential to regulate cell function through both ceramide and dihydroceramide (and their respective sphingolipid metabolites).
In addition to 4-HPR and C 8 -CPPC, other cellular inhibitors of DES such as ␥-tocopherol, celecoxib, resveratrol, XM462, photodynamic therapy, and hydrogen peroxide have been identified recently (16, 35, 38 -41) ; however, these are unlikely to function as direct inhibitors and probably function by modulating the redox status of the cell that has been shown to modulate DES activity.
The current results also implicate key metabolites of 4-HPR as inhibitors of DES activity in situ in SMS-KCNR neuroblastoma cells and in vitro in rat liver microsomes. The 4-oxo-4-HPR metabolite has been detected in human plasma and can also be formed through induction of CYP26A1 (20) . It was the most potent inhibitor among the metabolites tested. 4-MPR and 4-oxo-4-MPR showed minimal inhibition. 4-oxo-4-HPR has also been reported to induce apoptosis in both 4-HPR-sensitive and -resistant cells, and it has been demonstrated to have more potent cytotoxicity than 4-HPR or 4-MPR alone (11) . Furthermore, it has also been reported that clinically achievable levels of 4-oxo-4HPR are possible with daily oral dosing of 4-HPR (29) .
Exploring and studying inhibitors of ceramide metabolism pathways is a valuable approach in modulating ceramide-mediated biological processes. As such, targeting ceramide metabolism has been shown to be an effective method of cancer cell destruction (2) . Drugs that augment ceramide and dihydroceramide levels induce cell toxicity and apoptosis in cancer cells. The current results and previous results suggest that inhibition of DES is a novel target for cancer therapy. The balance of ceramides and dihydroceramides within a cell may be key to cancer cell proliferation.
